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Hierarchically structured carbon-silica aerogel (CSA) composites were synthesized from cheap water
glass precursors and granulated activated carbon via a post-synthesis surface modification with
trimethylchlorosilane (TMCS) and a low-cost ambient pressure drying procedure. The resultant CSA com-
posites possess micro/mesoporous structure and hydrophobic surface. The adsorption and desorption
performance of benzene on carbon-silica aerogel composite (CSA-2) under static and dynamic condi-
tions were investigated, comparing with pure silica aerogel (CSA-0) and microporous activated carbon
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adsorption capacity than CSA-0 and less mass transfer resistance than AC, arising from the well-developed
microporosity and open foam mesostructure in the CSA composites.
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1. Introduction

From an environmental point of view, it is necessary to con-
trol volatile organic compounds (VOCs) emissions, because such
compounds are hazardous to human health, contributing to seri-
ously environmental problems such as the destruction of the ozone
layer, photochemical smog and global warming [1,2]. Adsorption
technologies for controlling VOC emissions have been recognized
as preferred strategies, especially in cases where the captured
organic pollutants have alternative uses [3]. Among various adsor-
bents, activated carbon is the most widely used for VOC adsorption
due to its low cost and well-developed microporosity which
ensures excellent adsorption capacity [4]. However, serious diffu-
sionrestrictions imposed by micropores in activated carbon tend to
inhibit its ability to adsorb large VOC molecules. Besides, molecules
adsorbed in the micropores of activated carbon are strongly held by
adsorption forces [5], hence, it is hard for the adsorbent to be regen-
erated. It is obvious that the regeneration of saturated adsorbents is
acritical factor that should be considered in the adsorbent selection
process [6]. Moreover, when it is used under various operational
conditions, activated carbon frequently encounters problems, such
as fire risk, pore clogging, hygroscopicity, lower selectivity and lim-
ited modification flexibility [7,8].

Silica aerogels, prepared by sol-gel processing and subsequent
solvent extraction, have large surface area, high porosity and
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extremely low densities due to the open pore structure of the
mesopores [9]. The unique pore structure permits easy regenera-
tion of the silica aerogels [10,11]. In addition, silica aerogel surface
can be chemically modified to improve the hydrophobicity and
selectivity for target specific compounds, like VOCs [12]. El Rassy
et al. [13] showed that the hydrophobicity of silica aerogel surface
was enhanced through the modification with methyltrimethoxyl-
silane. Standeker et al. [11] found that silica aerogels modified
with methyltrimethoxysilane or trimethylethoxysilane exhibited
high adsorption capacities for toxic organic compounds from water,
which were from 15 to 400 times higher as compared with
granulated active carbon. Traditional silica aerogels preparation
approaches involve supercritical drying process to avoid capillary
stress and related drying shrinkage, whereas the supercritical dry-
ing process is energy intensive, expensive and dangerous [14]. To
overcome these disadvantages of traditional supercritical aerogel
process, a new ambient pressure drying process technique has
been developed, making the manufacture and application of sil-
ica aerogels in large scale possible [15]. Moreover, the fragility and
brittleness of silica aerogels could limit their applications to some
extent in various fields [9,16]. Therefore, it is expected that the
composite materials derived from the combination of activated car-
bons and silica aerogels, namely, carbon-silica aerogel composites,
may improve the adsorption and desorption performance of the
adsorbent and thereby reduce the cost.

Carbon-silica aerogel composites have potential applications
in various fields, such as catalyst supports [17,18], adsorbents for
groundwater treatment [12] and electroconductive materials, etc.
[19]. However, there is limited information in literature related
to adsorption and desorption properties of carbon-silica aerogel
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composites. Coleman et al. [12] found that a cost-effective gran-
ulated activated carbon (GAC)-aerogel composite was superior
in removing uranium from a stock solution compared with GAC
alone. To the best of our knowledge, there has been no report on
VOC emission controlling by using carbon-silica aerogel compos-
ites as adsorbents, especially in terms of adsorption and desorption
kinetics which might play fundamental roles in the application of
adsorbent for real situations.

In this work, hierarchically structured carbon-silica aerogel
composites were synthesized by adding powered activated car-
bon to the silica sol just before gelation. In order to reduce the
CSA composites cost, cheap water glass was used as precursors to
synthesize silica aerogels. After solvent exchange and surface mod-
ification, the wet gels of composites were subsequently dried by
a low-cost technique of ambient pressure drying. Adsorption and
desorption performance as well as the corresponding kinetics of
VOCs for carbon-silica aerogel composites were intensively stud-
ied, comparing with pure silica aerogels and microporous activated
carbon. The investigations of adsorption and desorption for VOCs
were carried out under both static and dynamic conditions by a dig-
ital microbalance and a flow adsorption measurement. We believe
that the obtained CSA composites could be effective adsorbents for
VOC emission controlling.

2. Experimental
2.1. Material synthesis

Silica sols were prepared by using cheap water glass (Be® =40,
Na,:SiO, molar ratio=1:3.3, Beijing Chemical Works) as precur-
sors. In a typical synthesis, 10 mL of water glass was diluted by
deionized water with volume ratio of 1:4 and then mixed with
strongly acidic type ion exchange resin so as to remove Na* ions.
After stirring the mixture for 10 min, pH of the solution was
decreased in the range of 2-3, resulting in the formation of silicic
acid. In the subsequent step, the base catalyst (NH4OH, 1 M) was
added drop by drop to raise pH to 5 with constant stirring. Waiting
until the silica sol is just about to gel, 1 g of powered activated car-
bon (BN-09, <60 mesh, Ningxia BENNIU Activated Carbon Works)
was added, followed by stirring for some minutes and keeping the
colloidal mixture for gelation at room temperature. After aging
for 3 h, water in the composite gels was exchanged with ethanol
for three times in 36 h. To prevent the reverse reaction of surface
modification [20], ethanol was exchanged with n-hexane for three
times in 36 h. The gels were modified with 20% trimethylchlorosi-
lane (TMCS) in n-hexane for 24 h and then the unreacted TMCS was
washed with n-hexane for two times in 24 h. Finally, the wet gels
of composites were dried under ambient pressure at 60°C, 80°C,
120°C and 180°C for 6 h, respectively. The obtained CSA compos-
ites were denoted as CSA-x, where x is referred to the mass fraction
of activated carbon in wet gels.

2.2. Characterizations and measurements

Nitrogen adsorption and desorption measurements on CSA
composites were conducted at liquid nitrogen temperature
(=196 °C) by using NOVA 1200 gas sorption analyzer. Each sample
was degassed under vacuum condition at 120°C for 18 h prior to
the measurement. The BET specific surface area was calculated by
using adsorption data at relative pressure (P/Py) of 0.05-0.25, and
the total pore volume was estimated from the amount adsorbed ata
relative pressure of about 0.99. Pore size distributions (PSD) of CSA
composites were calculated from the analysis of desorption branch
of the isotherm, by using Barrett-Joyner-Halenda (BJH) algorithm.
Fourier transform infrared (FT-IR) spectroscopy was measured by

the KBr method recorded on a Bruker Tensor 27, scanned from
4000 to 600 cm~!. The thermogravimetric analysis (TGA) of adsor-
bents was performed on a TG/DTA analyzer (Setaram, Labsys). The
heating rate was 10°Cmin~! from 40 to 700 °C under an airflow of
30mLmin~T.

2.3. Static adsorption and desorption measurements

The static adsorption and desorption equilibrium measure-
ments for CSA composites were recorded by using an Intelligent
Gravimetric Analyzer (Model IGA-002, Hiden Isochema Instru-
ment) with a sensitivity of 0.1 pg. The apparatus had an ultrahigh
vacuum system allowing isotherms and the corresponding kinet-
ics to be determined by setting pressure steps. For each pressure
increment or decrement, weight changes due to adsorption or
desorption were used to calculate kinetic parameters. Before the
measurement, each sample was degassed at 110 °C over night.

2.4. Dynamic adsorption and desorption measurements

The investigations of dynamic adsorption and desorption of
VOCs for CSA composites were carried out by a flow method on an
experimental set-up [21]. After degassing at 110°C for 24 h, about
1 g of adsorbent (40-60 mesh) was packed into the adsorption bed.
The adsorption measurement was performed under both dry and
wet conditions. The concentration of benzene was controlled at
700 ppm and the total flow rate was 100 mLmin~!. To observe the
effects of water vapor on adsorption behaviors of CSA composites,
test gases consisted of nitrogen, 700 ppm of benzene under the rela-
tive humidity (RH) of 18%, were passed through the adsorption bed.
After samples were saturated with benzene vapor, the benzene sat-
urator was bypassed to start purging samples with nitrogen flow
at room temperature. In addition, dynamic desorption properties
of adsorbents were investigated by temperature programmed des-
orption (TPD) technique. The concentration of benzene before and
after the adsorption process was tested by using gas chromatograph
(GC) equipped with a flame ionization detector.

3. Results and discussion
3.1. Characterization of carbon-silica aerogel composites

Fig. 1 shows the nitrogen adsorption and desorption isotherms
of CSA composites at —196°C and the corresponding pore size
distributions obtained by the BJH method. For comparison, pure
silica aerogel CSA-0 and commercial AC were studied. As can be
seen in Fig. 1a, the shape of adsorption isotherms for all CSA sam-
ples can be considered as a combination of type I and type 1V,
according to the IUPAC classification [22]. The steep increase of
adsorbed amount at low relative pressure (P/Py <0.1) indicates the
presence of micropores in these materials. At intermediate P/Py,
a capillary condensation step and an H2-type hysteresis loop was
observed, suggesting the formation of worm-like mesopores dur-
ing the synthesis process of CSA composites [23]. However, the
adsorption isotherm for AC is of type I, which is typical for microp-
orous activated carbon. With increasing mass fraction of activated
carbon, the microporosity of CSA composites increases while the
total pore volume decreases (see Table 1). The nitrogen adsorption
and desorption results provide evidence for the existence of both
micropores and mesopores in CSA composites.

The FT-IR spectrum of modified silica aerogel CSA-O and
carbon-silica aerogel composite CSA-2 is shown in Fig. 2. The FT-IR
spectrum represents a broad band at around 3500 cm~! and a peak
at around 1600 cm~!, which can be attributed to O-H groups [24].
The peaks at around 1100 and 800 cm~! are due to asymmetric and
symmetric modes of SiO, [25]. The peaks at 2980 and 1450 cm™!
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Fig. 1. Nitrogen adsorption and desorption isotherms (a) and BJH pore size distributions (b) for CSA composites. The isotherms for CSA-6, CSA-4, CSA-2 and CSA-0 materials
are shifted by 300, 500, 700 and 900 cm? g~! STP, respectively.

Table 1

Textural properties of carbon-silica aerogel composites.

Sample BET surface Average pore Total pore volume Micropore volume Micropore area
area (m?g1) diameter? (nm) (cm3g1) (em3g1) (m?2g1)

CSA-0 726 39 0.71 - -

CSA-2 727 3.6 0.66 0.05 102

CSA-4 710 3.6 0.64 0.05 110

CSA-6 758 2.8 0.53 0.18 393

AC 936 22 0.52 0.33 715

4 Calculated using the Barrett-Joyner-Halenda (BJH) model based on the desorption branch of the isotherm.

are assigned to C-H bonds, while the peak at 840 cm~! is attributed
to Si-C bond. FT-IR results clearly confirm that methyl groups are
covalently anchored onto the CSA composite surface.

The thermal stability of carbon-silica aerogel composites was
observed by TGA-DTA analysis, as shown in Fig. S1 (Support-
ing Information). The weight loss at temperature lower than 150°C
is attributed to the loss of adsorbed water and the evaporation of
residual organic compounds. The weight loss at temperature higher
than 400°C is due to the oxidation of the ~CH3 on the surface of
adsorbents developed by surface modification with TMCS (Fig. S1a),
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Fig. 2. FT-IR spectra of patterns for CSA-0 and CSA-2 materials.

implying that the retention of surface hydrophobicity can be up to
400°C.

3.2. Static adsorption and desorption behaviors

The carbon-silica aerogel composite CSA-2 with developed
microporosity and open mesostructure was adopted here as a
representative sample to estimate its adsorption and desorption
properties for VOCs, comparing with pure silica aerogel CSA-0
and microporous AC. Fig. 3 shows the adsorption and desorption
isotherms of benzene on CSA-0 (Fig. 3a), CSA-2 (Fig. 3b) and AC
(Fig. 3c) at temperatures of 25, 35, and 45°C, respectively. The
shapes of adsorption and desorption isotherms of benzene for all
the samples are similar to the nitrogen isotherms. It is found that
the amount of benzene adsorbed at low pressure increases in the
order of AC > CSA-2 > CSA-0, with the augmentation in microporosi-
ties of the materials. The adsorption in micropores at low pressure
is a direct consequence of the overlap in the adsorption field from
adjacent walls of micropores. In comparison with AC (Fig. 3c), the
adsorption isotherms of benzene for both CSA-0 (Fig. 3a) and CSA-2
(Fig. 3b) exhibit capillary condensation steps which is attributed
to the presence of mesopores in these materials. Therefore, the
adsorption isotherms of benzene on CSA-0 and CSA-2 exhibit a
combination of microporous and mesoporous adsorptive behav-
ior. As shown in Table 2, the equilibrium adsorption capacity of
benzene for CSA-2 (5.06 mmol g~1) is higher than that for microp-
orous AC (4.37mmol g~1) at relatively high temperature of 45°C,
and the equilibrium adsorption capacity changes in the order of
CSA-2>CSA-0>AC. This result can be explained by the fact that
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Table 2

Equilibrium adsorption capacities Q¢ (mmol g~') and Henry constants K (10-> mol g~! Pa~1) of benzene on CSA-0, CSA-2 and AC at different temperatures.

Samples Equilibrium adsorption capacities Q¢ (mmolg=') Henry constants K (10-> molg='Pa~"')

25°C 35°C 45°C 25°C 35°C 45°C
CSA-0 7.42 717 7.29 0.32 0.28 0.20
CSA-2 5.18 5.20 5.06 0.40 0.37 0.22
AC 4.82 4.74 4.37 0.94 0.77 0.29

the static VOC adsorption capacity is proportional to the total pore
volume, in accordance with the literature [26].

The Henry constants, which reflect adsorption affinity in the
line region of the adsorption isotherm, can be estimated from the
adsorption date at very low pressure (P<3 mbar), where the inter-
action between adsorbed molecules may be neglected and only
interactions between adsorbed molecules and the surface remain
[27]. The Henry constants of benzene adsorption at different tem-
peratures are listed in Table 2. As expected, Henry constants of
all the samples decrease with the increase of temperature. At
the same temperature, Henry constants increase in the order of
AC> CSA-2>CSA-0, with the augmentation in microporosities of
the CSA composites. This result can be explained by strong adsorp-
tion energy in micropores [21]. In the micropores, due to dispersion
interactions, field superposition from the close separated opposing
pore walls enhances the physical adsorption behavior. In addition,
the isosteric heat of adsorption represents the strength of the inter-
action between adsorbent and adsorbate, hence it can be used to
gauge the compatibility between them. Additionally, the isosteric
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Fig. 3. Adsorption and desorption isotherms of benzene on CSA-0 (a), CSA-2 (b) and
AC (c) materials at different temperatures.

heat of adsorption (AH,q4s) can be calculated from the measured
adsorption equilibrium data at different temperatures by using the
Clausius-Clapeyron equation [28]. The adsorption isosteric heat for
adsorption of benzene versus the loading on CSA-0, CSA-2 and ACis
shown in Fig. S2 (Supporting Information). For all the samples, the
isosteric heat of adsorption reaches a constant value after an initial
sharp decrease. This decrease may be attributed to the heterogene-
ity of adsorption sites [29]. Afterwards, owing to the confinement
effect, the adsorption heat decreases gradually with the increase in
adsorbate loading and then gets close to the heat of liquefaction in
bulk liquid phase.

3.3. Adsorption and desorption kinetics

Adsorption and desorption kinetics are of fundamental impor-
tance in actual applications [30]. The mass relaxation curve cursed
by pressure increment or decrement can be used to calculate
the adsorption and desorption kinetic parameters. Studies found
that the linear driving force (LDF) model was followed in most
cases of the adsorption kinetics of various gases/vapors on acti-
vated carbons [30], metal organic framework materials [31], carbon
molecular sieves [32] and silica mesoporous materials [33]. The LDF
model for adsorption is described by the following equation:
M ke

— =1-e"

. (1)

where M; is the uptake at time t, M, is the equilibrium uptake for
the given pressure increment, and k is the rate constant. The corre-
sponding LDF model for desorption is described by the equation:

M, —kt

Mo = e -1 (2)
where M, is the amount desorbed at equilibrium for the given pres-
sure decrement and M; is the amount desorbed at time t [30].

Fig. 4 shows typical graphs of M;/M, versus time for adsorp-
tion and desorption of benzene and the corresponding fits for the
LDF model on CSA-0, CSA-2 and AC, respectively. It is evident that
adsorption kinetics for the three adsorbents obeys the LDF model,
whichindicates that the diffusion through a barrier is the rate deter-
mining step. The barrier is either due to constrictions in the porosity
with similar size to that of benzene or a surface diffusion barrier
[33]. Obviously, the desorption kinetics also obeys the LDF model,
similar to the adsorption ones.

A comparison of the variation of adsorption and desorption
rate constants of benzene with relative pressure at 35 °C on CSA-0,
CSA-2 and AC is shown in Fig. 5. In the initial uptake region, the
adsorption rate constants for CSA-0 (Fig. 5a) and CSA-2 (Fig. 5b)
are significantly faster than those for AC (Fig. 5c). This observation
can be attributed to the fact that the presence of open mesoporous
structure in CSA-2 and CSA-0 allows high accessibility of adsorp-
tives. For all the samples, the adsorption rate constants initially
decrease to a plateau (observed at P/Py~ 0.4) before increasing
with relative pressure. The decrease in rate constants can be
attributed to the development of benzene molecular clusters in
micropores of adsorbents. On the other hand, the increase in rate
constants when the relative pressure is greater than 0.6 is probably
related to the growth of the benzene molecular clusters filling the
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mesopores. In the case of desorption, the rate constants are similar
to the adsorption for given pressure increments or decrements.
Particularly, the rate constant for the final desorption step is much
slower than that for the corresponding adsorption increment. This
result is attributed to the difficulty in removing adsorbate from
ultramicropores in adsorbents, which is caused by the overlap of
potential fields from pore walls [34].

3.4. Dynamic adsorption and desorption behaviors

The investigations of dynamic adsorption and desorption were
conducted for the removal of typical VOCs, such as benzene, by
representative samples of CSA-0, CSA-2 and AC. A breakthrough
measurement is a direct method designed to explore the dynamic
performance of VOC adsorption at low concentrations [26]. The
breakthrough curves of benzene adsorption under dry and wet
conditions and the corresponding purge curves with nitrogen on
CSA-0, CSA-2 and AC samples are shown in Fig. 6. Generally, longer
breakthrough time results in higher dynamic adsorption capacity.
The dynamic adsorption capacity (Q?) was obtained by measuring
the area between the maximum baseline and experimental curves,
while the desorption capacity (Q4) was obtained from the area
between minimum baseline and experimental curve profiles [35].
The dynamic adsorption and desorption capacities of benzene on
the CSA-0, CSA-2 and AC are listed in Table 3.

In the adsorption region (Fig. 6a), all the samples exhibit slightly
longer breakthrough time for benzene under dry condition as com-
pared with that under wet condition (18% RH). Correspondingly,
Table 3 shows that the adsorption efficiency (Qj../Qg,,) for all
the samples is relatively high and the dynamic adsorption capacity
under wet condition is about 85% of that under dry condition, sug-
gesting the hydrophobic surface of adsorbents. It is obvious that
AC represents the longest breakthrough time of benzene. How-
ever, the post-breakthrough curves of AC for benzene adsorption
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Fig. 6. The breakthrough curves for benzene adsorption (a) and the purge curves with nitrogen (b) on CSA-0, CSA-2, and AC materials. Curves with filled symbols represent
results obtained under dry conditions and curves with empty symbols represent results obtained under wet conditions (18% RH).

Table 3
Dynamic adsorption and desorption capacities of CSA-0, CSA-2 and AC.

Samples Dynamic adsorption capacity Q* (mmolg') Dynamic desorption capacity Q¢ (mmolg-1!)
Qiy Qiet Qhree/ Qg (%) Desorption by Desorption by
purge qurge TPD Q'l('iPD
CSA-0 0.88 0.76 86 0.68 0.20
CSA-2 1.58 1.34 85 1.11 0.46
AC 3.99 3.41 85 1.86 2.12
increase more gradually with time compared with the other two 0] .
samples, implying significantly large mass transfer resistance in ’ 4 /\" T —— CSA-0
AC [26]. The dynamic adsorption capacity of benzene increases 08l [/ \ N —--— CSA-2
in the order of AC>CSA-2>CSA-0 (Table 3), corresponding to the i : \\ ----- AC
micropore volume of the adsorbents, which is consistent with the (; 0.61 .- .
literature [26]. This result confirms that the presence of micropores &) 0.4] /3; \ \\
in the adsorbents is an essential factor in determining the dynamic T "
adsorption capacity. In contrast, the post-breakthrough sharpness 0.2 ," N,
of the increase in benzene concentration for CSA-0 and CSA-2 is / ~. Tl
0.0 = -

more rapid, implying less diffusion resistance in the adsorbents
during the adsorption process. The dynamic adsorption results
indicate that the carbon-silica aerogel composite CSA-2 exhibits an
excellent adsorption performance with higher dynamic adsorption
capacity than silica aerogel CSA-0 and less mass transfer resistance
than microporous AC.

In the case of the purge region from Fig. 6b, the amount
of benzene adsorbed on the external surface or relatively large
pores of adsorbents can be desorbed during the nitrogen purge.
The desorption breakthrough curve of AC for benzene decreases
more slowly than those of CSA-0 and CSA-2. The VOC molecules
weakly adsorbed on the external surface or the open meso-
pores of CSA-0 and CSA-2 adsorbents can be easily desorbed by
purge gases. However, VOC molecules adsorbed in the micro-
pores of AC are strongly held by adsorption forces and the
strongly adsorbed molecules can resist the effects of purge
gases.

Fig. 7 shows the TPD curves of benzene on CSA-0, CSA-2, and
AC materials. The desorption peaks of benzene for TPD process at
around 75°C for CSA-0, 80°C for CSA-2 and 105°C for AC were
observed. Furthermore, the desorption peaks for CSA-0 and CSA-2
are significantly sharp, suggesting that the desorption of benzene
molecules from CSA-0 and CSA-2 is fast. In contrast, the desorp-
tion peak for AC is broad, demonstrating that the desorption of
VOCs from micropores in AC is slow. The temperature for complete
elimination of residual VOCs from CSA-0 and CSA-2 is significantly
lower than that from AC, and the decrease of temperature is very
important from the practical point of energy saving. To test the
reusability of the CSA composites, CSA-2 was regenerated by ther-
mal treatment at 120 °C for 4 h, and the regenerated adsorbent was
subjected to adsorption/desorption cycles at least 7 times with-

50 100 150 200 250 300 350
T(0)

Fig. 7. TPD curves of benzene on CSA-0, CSA-2, and AC materials.

out observing any appreciable loss in its adsorption capacity (see
Fig. S3 in the Supporting Information).

4. Conclusions

In this study, carbon-silica aerogel composites were synthe-
sized from cheap water glass precursors and granulated activated
carbon. The hydrophobic surface of the CSA composites was
obtained by post-synthesis modification with TMCS and sub-
sequent ambient pressure drying procedure. The resultant CSA
composites exhibit both microporous and mesoporous struc-
tures. As indicated by the static adsorption-desorption results,
CSA composites have good affinity towards aromatic molecules
and fast adsorption kinetics. The equilibrium adsorption capac-
ity of benzene on CSA-2 (5.06 mmolg~1) is higher than that on
AC (4.37mmolg-1). The carbon-silica aerogel composite CSA-2
exhibits the best dynamic adsorption and desorption performance,
because CSA-2 shows higher adsorption capacity than silica aero-
gel CAS-0 and less mass transfer resistance than AC. Furthermore,
owing to the open mesostructure of CSA-2, the desorption of VOCs
from CSA-2 by purge or TPD process is significantly faster than AC.
With excellent adsorption and desorption performance, as poten-
tial adsorbents, the cost-effective CSA composites with hierarchical
micro/mesoscopic structure could have a promising future in VOC
emission controlling.
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